INTRODUCTION
process. Because glucose is hardly available in the egg at oviposition (Romanoff and Romanoff, 1949) , glucose synthesis is important during incubation. Gluconeogenesis is indispensable in the embryo during incubation (Delphia and Elliott, 1965) , with lactate, glycerol, and glucogenic amino acids as potential precursors (Evans and Scholz, 1973; Watford et al., 1981) . Different incubation conditions may influence nutrient availability and utilization of, for example, glucose and thereby change the physiological status of broiler hatchlings (De Oliveira et al., 2008) .
Furthermore, changes in developmental and physiological processes attributable to different incubation conditions are probably not restricted to the period of embryogenesis alone, but also influence the period after hatch. Few studies have investigated the effects of incubation conditions on the developmental and physiological status of hatchlings in the early posthatch period. In practice, hatchlings often have no access to feed or water up to 24 to 72 h after hatch because of variation in hatch times, hatchery management, and transport times (Dibner et al., 1998; Noy and Sklan, 1998; Careghi et al., 2005) . Therefore, this study was performed to investigate the effect of the incubation conditions eggshell temperature (EST) and O 2 on the developmental and physiological status of broiler embryos in the perinatal period, which spans the end of incubation until the early posthatch period.
MATERIALS AND METHODS

Experimental Design
The experiment was designed a 2 × 3 factorial arrangement with 2 EST (37.8 and 38.9°C) and 3 O 2 concentrations (17, 21, and 25%) applied from d 7 to 19 of incubation. Each treatment was repeated twice. Six consecutive batches of eggs were incubated with 2 EST and O 2 concentration combinations per batch. The experimental protocol was approved by the Institutional Animal Care and Use Committee of Wageningen University.
Hatching Eggs
Hatching eggs of a commercial Hybro grandparent stock line were used (n = 1,800). Eggs weighed between 60 and 65 g and were not significantly different between the EST and O 2 combinations and batches of eggs (P > 0.10). The age of the parent stock ranged from 45 to 51 wk.
Egg Storage and Incubation Until d 7
Eggs were stored for 3 to 5 d at 18°C at Torsius Breeder Hatchery (Putten, the Netherlands). Thereafter, eggs were transported to the experimental accommodation of Wageningen University and placed in an HT-Combi incubator with a maximum capacity of 4,800 eggs (HatchTech B.V., Veenendaal, the Netherlands). In each of the 6 batches of eggs, eggs were equally divided among 4 egg trays (n = 150). Egg trays were halffilled with eggs; every other egg space remained empty to ensure uniform air speed around the eggs. Eggshell temperature was measured by temperature sensors (NTC Thermistors, type DC 95, Thermometrics, Somerset, UK) placed halfway between the blunt and pointed ends of 5 individual eggs. Temperature sensors were attached to the eggshell by using heat-conducting paste (Dow Corning 340 Heat Sink Compound, Dow Corning GmbH, Wiesbaden, Germany) and tape. Incubator temperature was adjusted manually twice a day to maintain an EST of 37.8°C. Relative humidity was set at 55%, and each hour, eggs were turned over 90°. The CO 2 concentration was between 0.05 and 0.07% at d 7 of incubation before the eggs were transferred.
Incubation from d 7 to 19
After candling at d 7 of incubation, 220 fertile eggs were randomly divided between 2 identical small opencircuit climate respiration chambers (CRC; Lourens et al., 2006) . In total, 1,320 fertile eggs were used in the 6 batches. Eggshell temperature was maintained at 37.8°C (normal) or 38.9°C (high), and the O 2 level was maintained at 17% (low), 21% (normal), or 25% (high). The EST of the 2 chambers was identical within each batch of eggs. Eggshell temperature and O 2 concentration in the CRC were regulated as described by Lourens et al. (2007) . Because of the fixed ventilation rate, O 2 concentration decreased on average from d 7 to 19 of incubation from 17.1 to 16.3% in the low O 2 concentration, from 20.9 to 20.0% in the normal O 2 concentration, and from 25.0 to 23.9% in the high O 2 concentration. In all 6 batches of eggs, CO 2 concentration was roughly 0.1% at d 7 of incubation and increased to 0.6 to 0.8% by d 18 of incubation because of the CO 2 production of the embryos. Relative humidity was maintained at 50%, and each hour, eggs were turned over 90°.
Incubation from d 19 until 48 h After Emergence from the Eggshell
At d 19 of incubation, eggs were transferred from the egg trays to individual hatching baskets (120 × 135 mm) in one large open-circuit CRC (1.5 × 3.5 m; Verstegen et al., 1987) . The previous EST, which was identical between the 2 treatments per batch of eggs, was maintained for half a day. After this period, the CRC temperature was fixed at the last EST set point, and the EST was allowed to increase during the hatching process. Oxygen was not regulated after d 19 of incubation and remained at approximately 21%. Relative humidity was maintained at 55%. The number of hatchlings emerging from eggshells was recorded from d 19 of incubation every 2 h to calculate the average incubation duration per treatment. Hatchlings were selected for body and organ development, and hepatic glycogen and blood metabolite measurements were made either 12 or 48 h after emergence from the eggshell. To distribute hatchlings per EST and O 2 combination equally across the hatching period, sequential hatchlings were alternately allocated to the 12-or 48-h measurement groups. From the time of emergence until 12 h afterward, hatchlings were kept in hatching baskets in the large open-circuit CRC. At 12 h after emergence from the eggshell, hatchlings that were measured at 48 h were transferred to individual hatching baskets (120 × 135 mm) in another identical, large CRC until 48 h after emergence from the eggshell. Environmental temperature in this CRC was maintained at 33°C, and RH was maintained at 55%. No feed or water was provided, and hatchlings were continuously exposed to light.
Embryo Mortality and Hatch of Fertile
Eggs were candled at d 19 of incubation to identify nonviable embryos. At d 23 of incubation, nonhatched eggs were opened to classify embryo mortality per day as described previously . Embryos that died during the first week of incubation were excluded from the analyses. Hatch of fertile (HOF) was expressed as the percentage of chicks that hatched from the fertile eggs and was calculated per EST and O 2 combination and batch of eggs.
BW and Organ Weight
At d 18 of incubation, 20 fertile eggs per EST and O 2 combination were randomly selected. Embryos were killed by decapitation, the residual yolk was removed, and the embryos were weighed. Hatchlings at 12 or 48 h after emergence from the eggshell were weighed and decapitated, and the residual yolk was removed and weighed. Yolk-free body mass was calculated as BW minus residual yolk weight.
Livers were immediately weighed after birds were decapitated at d 18 of incubation or at 12 or 48 h after emergence from the eggshell. Because of time limitations, the YFBM was frozen in liquid N and stored at −20°C for further analysis of organ weights. Heart, lung, stomach, intestines, liver, spleen, and bursa of Fabricius from all embryos and hatchlings were weighed after defrosting the YFBM in a plastic bag in a water bath at 37°C for 15 min.
Blood Metabolites Determination
Hatchlings were decapitated at 12 or 48 h after emergence from the eggshell. Blood was collected in a 4-mL blood tube containing 10 mg of sodium fluoride and 8 mg of potassium oxalate (BD Vacutainer, Franklin Lakes, NJ). An extra droplet (0.02 mL) of 10% heparin was added and mixed into the tube before sampling. Blood was centrifuged (2,900 × g) for 15 min, and plasma was decanted and stored at −20°C until further analysis. Plasma glucose, lactate, and uric acid concentrations were determined with a commercially available kit (DiaSys Diagnostic Systems International, Holzheim, Germany).
Hepatic Glycogen Determination
Embryos at d 18 of incubation and hatchlings at 12 or 48 h after emergence from the eggshell were weighed and decapitated. After bleeding, livers were immediately dissected, weighed, and frozen in liquid N. Livers were stored at −80°C until further analysis. All procedures for hepatic glycogen determination were carried out on ice. The whole liver was homogenized with a glass stirring spoon after the addition of 1 μL of 7% HCLO 4 /mg of wet tissue. The suspension was centrifuged (2,900 × g) at 4°C for 15 min. The supernatant was decanted, cleaned with 1 mL of petroleum ether, and frozen at −80°C until further analysis. The supernatant was defrosted, centrifuged, and decanted again. Hepatic glycogen was determined by the iodine binding assay (Dreiling et al., 1987) , and hepatic bovine glycogen (Type IX, Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was used as a standard.
Statistical Analysis
The CRC was the experimental unit in all statistical analyses. Distributions of the means and residuals were examined to verify model assumptions. An arcsine transformation was used for HOF and embryo mortality. Hatch of fertile, embryo mortality, and incubation duration were analyzed using the GLM procedure (SAS Institute, 2004) . The model was
where Y ij is the dependent variable, μ is the overall mean, EST i is eggshell temperature (i = 37.8 or 38.9°C), and O 2j is oxygen concentration (j = 17, 21, or 25%). Batch(EST i ) is the eggshell temperature nested within the 6 batches, and this term was used as an error term to test for effects of EST. Interactions between EST i and O 2j were tested against ε ij , which was the residual error term. For analyses of plasma glucose, lactate, and uric acid concentrations, model [1] was extended with the age of the bird (age k ; k = 12 or 48 h after emergence from the eggshell) and interactions of the other factors with age. Organ weights were expressed as percentages of the YFBM. Yolk-free body masses, organ weights, and total hepatic glycogen levels were analyzed using model [1], extended with the age of the bird (age k ; k = d 18 of incubation, 12 or 48 h after emergence from the eggshell) and interactions of all other factors with age. Least squares means were compared using Bonferroni adjustments for multiple comparisons. Data are presented as means ± SE. In all cases, differences were considered significant at P ≤ 0.05.
RESULTS
EST × O 2 Concentration
An interaction between EST and O 2 concentration was found for HOF (P = 0.04) and embryo mortality in the third week of incubation (P = 0.03; Table 1 ). High EST and low O 2 decreased HOF by 23% on average and increased embryo mortality in the third week of incubation by 22% on average compared with all other EST and O 2 combinations. An interaction between EST and O 2 concentration was found for YFBM (P = 0.003; Table 2 ). High EST, compared with normal EST, had a lower YFBM, but this difference was more pronounced at low O 2 concentrations than at normal or high O 2 concentrations (Table 4 ). An interaction between EST and O 2 concentration was found for relative stomach (P = 0.05) and intestinal weights (P = 0.01; Table 2 ). The normal EST and low O 2 concentration had a higher relative stomach weight than the normal EST and high O 2 concentration and the high EST and high O 2 concentration (Table 4) . Relative intestinal weight differed between the high and normal EST when this was combined with a high O 2 concentration. The normal EST and high O 2 concentration had a higher intestinal weight than the high EST and high O 2 concentration.
A 3-way interaction was found between EST, O 2 concentration, and age of the hatchling for relative liver weight (P = 0.02; data not shown). Relative liver weight increased with age in all the EST and O 2 concentration combinations. Differences in relative liver weight among EST and O 2 concentration combinations were found only at 48 h after emergence from the eggshell. The normal EST and low O 2 concentration had a higher relative liver weight than the normal EST and high O 2 concentration, the high EST and normal O 2 concentration, and the high EST and high O 2 concentration at 48 h after emergence from the eggshell.
EST
An interaction was found between EST and age of the bird for YFBM (P < 0.001; Table 2 ). At d 18 of incubation, YFBM was comparable between EST (Table 4) . At 12 and 48 h after emergence from the eggshell, YFBM was lower in the high EST compared with the normal EST. An interaction was found between EST and age of the bird for relative heart (P = 0.02), stomach (P < 0.001), and intestinal weights (P = 0.01; Table 2 ). Relative heart weight was lower in the high EST compared with the normal EST, but differences between EST were more pronounced at 12 h after emergence than at d 18 of incubation or 48 h after emergence from the eggshell (Table 5) . Relative stomach and intestinal weights were higher in the high EST than in the normal EST at d 18 of incubation. The opposite was found at 12 h after emergence from the eggshell; relative stomach and intestinal weights were lower in the high EST than in the normal EST. No effect of EST was found on relative stomach and intestinal weights at 48 h after emergence from the eggshell. An interaction was found between EST and age of the bird for hepatic glycogen (P < 0.001; Table 3 ). At d 18 of incubation, total hepatic glycogen was 5.3 mg (30%) lower in the high EST than in the normal EST (P < 0.001; Table 5 ). At 12 or 48 h after emergence from the eggshell, total hepatic glycogen did not differ between EST. Eggshell temperature did not affect embryo mortality in the second week of incubation (P = 0.89; Table 1 ). The duration of incubation was 8 h shorter in the high compared with the normal EST (P = 0.04; Table 1 ). High EST compared with normal EST resulted in a 2% lower relative lung weight (0.92% for the high EST vs. 0.95% for the normal EST; P = 0.04) and 20% lower relative bursa of Fabricius weight (0.08% for the high EST vs. 0.10% for the normal EST; P = 0.02; Table  2 ). Relative spleen weight did not differ between EST. Plasma glucose, lactate, and uric acid concentrations did not differ between EST at 12 and 48 h after emergence from the eggshell (all P > 0.05; Table 3 ).
O 2 Concentration
An interaction between O 2 concentration and age of the birds was found for YFBM (P < 0.001; Table 2 ). At d 18 of incubation, YFBM was higher for increased O 2 concentrations (Figure 1) . At 12 and 48 h after emergence from the eggshell, YFBM was lower in the low than in the normal O 2 concentration, but YFBM did not differ between the normal and the high O 2 concentration.
Concentration of O 2 did not affect embryo mortality in the second week of incubation (P = 0.87; Table  1 ). Relative heart, lung, spleen, and bursa of Fabricius weights did not differ among O 2 concentrations (all P > 0.10; Table 2 ). In addition, plasma glucose, lactate, and uric acid concentrations and total hepatic glycogen did not differ among O 2 concentrations (all P > 0.05; Table 3 ). 
Age
Regardless of EST and O 2 concentration, all relative organ weights increased between d 18 of incubation and 12 h after emergence from the eggshell (P < 0.05; Tables 2 and 4). Between 12 and 48 h after emergence from the eggshell, an increase in relative organ weights was found for all EST and O 2 concentration combinations (P < 0.05), except for relative heart weight of the normal EST (P > 0.05; Table 5 ) and relative spleen weight (P > 0.05; Table 2 ). Between 12 and 48 h after emergence from the eggshell, plasma glucose concentrations decreased by 6.4 mg/dL (3%; P = 0.01), plasma lactate concentrations did not differ (P = 0.45), and plasma uric acid concentrations increased by 0.9 mg/ dL (23%; P < 0.001; Table 3 ).
DISCUSSION
EST × O 2 Concentration
Hatchability was lowest and embryo mortality in wk 3 of incubation was highest in the high EST and low O 2 concentration, and this indicates that the embryos in this treatment had more difficulties with hatching. These difficulties may be related to their low YFBM or a poorly developed pipping muscle (Delphia and Elliott, 1965; Piestun et al., 2009 ). On the other hand, the lower survival rate might be related to impaired nutrient availability or utilization before or during the hatching process (Bjønnes et al., 1987; Decuypere and Michels, 1992; Christensen et al., 1999) . No interactions between EST and O 2 concentration were found for hepatic glycogen or blood metabolites in the current study, but these factors were analyzed in embryos that did survive. High EST decreased the amount of hepatic glycogen, and when this was combined with a low O 2 concentration from d 7 until 19 of incubation, this may have been fatal for some embryos.
EST
Embryo development was comparable between EST at d 18 of incubation, and embryo development was lower in the high EST compared with the normal EST at 12 and 48 h after emergence from the eggshell. This Table 5 . Two-way interaction between eggshell temperature (EST) and age for yolk-free body mass (YFBM), relative stomach, heart, and intestinal weights, and total hepatic glycogen of embryos and hatchlings incubated at 2 eggshell temperatures (EST; 37.8 or 38.9°C) and 3 O 2 concentrations (17, 21, or 25%) seems to be largely comparable with data of Romanoff et al. (1938) , who showed that a high incubation temperature of 40.5°C from d 7 of incubation onward increased embryo development in the second week of incubation, but finally decreased body development in the last week of incubation. Three possible reasons may explain the lower body development at hatch in the high EST compared with the normal EST, which is consistently found in different studies (Romanoff, 1935 (Romanoff, , 1936 Wineland et al., 2000; Lourens et al., 2005 Lourens et al., , 2007 Joseph et al., 2006; Leksrisompong et al., 2007) .
The first reason might be the reduction in incubation duration (Lourens et al., 2007) ; embryos in the high EST had 8 h less to develop in the current study. The second reason for the reduced development at high EST may be related to nutrient utilization during incubation. Residual yolk absorption per 24 h from d 18 of incubation until hatch did not differ between EST, but the YFBM increase was lower in the high compared with the normal EST during the same period (Molenaar et al., 2010) . This suggests that embryos in the high EST had more difficulties converting yolk into YFBM than did embryos in the normal EST at the end of incubation. The impaired conversion from yolk into YFBM may be caused by a lack of glucose precursors in the high EST. Glycogen stores are largely mobilized at the end of incubation (Freeman, 1965 (Freeman, , 1969 , when embryos start the energy-demanding hatching process. Embryos incubated at the high EST had less hepatic glycogen available before the hatching process started, at d 18 of incubation, than did embryos incubated at the normal EST. This reduction in hepatic glycogen might be due to a lower glycogen synthesis rate or a greater glycogen use before d 18 of incubation. No differences in hepatic glycogen were found between EST at 12 or 48 h after emergence, and this may indicate that animals in the high EST used less hepatic glycogen from d 18 of incubation onward than did animals in the normal EST. Assuming that energy requirements for the hatching processes are the same between EST, energy may have originated in the high EST from sources other than hepatic glycogen as well. This energy may originate from glucogenic amino acids, because plasma uric acid concentrations tended to increase by 14% in the high EST compared with the normal EST (0.5 mg/dL; P = 0.06; Table 3 ). After deamination or transamination of glucogenic amino acids, the carbon skeleton might be immediately oxidized for adenosine triphosphate production (McArdle et al., 1981) or might first be converted to glucose by gluconeogenesis (Hazelwood and Lorenz, 1959) . If the glucogenic amino acids were used for energy instead of body development; this may have resulted in a lower YFBM in the high EST. The third reason that may explain the reduction in body development in the high EST may be related to organ development. Relative heart and lung weights were negatively affected by the high EST. A decrease in these supply organs may reduce body development.
The reduction in relative heart weights with high incubation temperatures is consistent with other studies (Wineland et al., 2000; Givisiez et al., 2001; Leksrisompong et al., 2007; Lourens et al., 2007) . After d 9 of incubation, high incubation temperatures negatively affect cardiac cell divisions (Romanoff, 1960; Leksrisompong et al., 2007) , and this may also have occurred in lung and bursa of Fabricius tissue in the current study. However, not all organs were negatively affected by the high EST, which is consistent with other studies (Zhang and Whittow, 1992; Givisiez et al., 2001; Leksrisompong et al., 2007; Lourens et al., 2007) . Tissues may be sensitive to high temperatures during certain parts of embryogenesis (Decuypere and Michels, 1992) .
O 2 Concentration
Embryos were exposed to different O 2 concentrations from d 7 until 19 of incubation, but all embryos were exposed to 21% O 2 after d 19 of incubation. At d 18 of incubation, YFBM was higher for increased O 2 concentrations, and this showed that embryonic development occurred in a manner proportional to the O 2 concentration. At 12 and 48 h after emergence from the eggshell, YFBM increased between the low and normal O 2 concentrations, but YFBM was comparable between the normal and high O 2 concentrations. Lourens et al. (2007) found numerical differences between the 3 O 2 concentrations comparable with those in the current study at d 21 of incubation. The discrepancy between the low and normal and normal and high O 2 concentrations after emergence from the eggshell in both the current study and the study of Lourens et al. (2007) No differences among O 2 concentrations were found for relative organ weights, blood metabolite levels, or hepatic glycogen levels, which is not consistent with other studies (McCutcheon et al., 1982; van Golde et al., 1998) . However, O 2 concentrations were more extreme and applied until the end of the incubation process in the studies of McCutcheon et al. (1982) and van Golde et al. (1998) . In the current study, all embryos experienced the same O 2 concentration after d 19 of incubation, and the physiological status of the hatchling may be related to the environment experienced by the embryo at the end of incubation, during the hatching process.
Age
Although the negative effect of delayed food and water excess in broiler chickens on subsequent performance are investigated (Noy and Sklan, 1999; Batal and Parsons, 2002; Juul-Madsen et al., 2004; Henderson et al., 2008) , the developmental and physiological changes during this early posthatch period are not intensively investigated. In the current study, all treated animals were deprived of food and water and exposed to the same environmental temperature and O 2 concentration from 12 to 48 h after emergence from the eggshell. Such periods of feed and water deprivation are common in practice (Dibner et al., 1998; Henderson et al., 2008) . Relative organ weights increased during the perinatal period, indicating that the birds developed and matured in this period (Sotherland and Rahn, 1987; Zhang and Whittow, 1992) . Hepatic glycogen and plasma glucose concentrations decreased and plasma uric acid concentrations increased in the perinatal period. These results are consistent with another study (Hazelwood and Lorenz, 1959) investigating the effects of fasting on carbohydrate metabolism in layer chickens 5 to 11 wk old. Carbohydrate metabolism is particularly influenced by fasting (Miova et al., 2008) ; hepatic glycogen is converted to glucose (Miova et al., 2008 ) and used as a metabolic fuel. The higher uric acid concentration in the hatchlings at 48 h after emergence may suggest that additional glucose was made by gluconeogenesis of glucogenic amino acids (Hazelwood and Lorenz, 1959) or that the amino acid skeleton was used for immediate adenosine triphosphate production (McArdle et al., 1981) .
In conclusion, EST and O 2 concentrations during incubation differentially influence the developmental and physiological status of broilers in the perinatal period. The high EST and low O 2 concentration produced the highest embryo mortality in wk 3 of incubation, which may be related to the low YFBM of these hatchlings. High EST compared with normal EST decreased development at hatch, potentially because of the shorter incubation duration, a lack of glucose precursors, or the lower weights of the supply organs (i.e., heart and lung) at the end of incubation. Embryonic development at d 18 of incubation was proportional to O 2 concentration exposure, ranging from 17 to 25%. Differences between the high and normal O 2 concentrations were smaller than those between the low and normal O 2 concentrations after hatch. Embryos and hatchlings may have had difficulties adapting to lower O 2 concentrations after d 19 of incubation. The physiological status at hatching seems to be related to the environment that the embryo experienced at the end of incubation.
